Abstract We performed a systematic investigation of mechanical compaction and strain localization in Saint-Maximin limestone, a quartz-rich, high-porosity (37%) limestone from France. Our new data show that the presence of a significant proportion of secondary mineral (i.e., quartz) did not impact the mechanical strength of the limestone in both the brittle faulting and cataclastic flow regimes, but that the presence of water exerted a significant weakening effect. In contrast to previously published studies on deformation in limestones, inelastic compaction in Saint-Maximin limestone was accompanied by abundant acoustic emission (AE) activity. The location of AE hypocenters during triaxial experiments revealed the presence of compaction localization. Two failure modes were identified in agreement with microstructural analysis and X-ray computed tomography imaging: compactive shear bands developed at low confinement and complex diffuse compaction bands formed at higher confinement. Microstructural observations on deformed samples suggest that the recorded AE activity associated with inelastic compaction, unusual for a porous limestone, could have been due to microcracking at the quartz grain interfaces. Similar to published data on high-porosity macroporous limestones, the crushing of calcite grains was the dominant micromechanism of inelastic compaction in Saint-Maximin limestone. New P wave velocity data show that the effect of microcracking was dominant near the yield point and resulted in a decrease in P wave velocity, while porosity reduction resulted in a significant increase in P wave velocity beyond a few percent of plastic volumetric strain. These new data highlight the complex interplay between mineralogy, rock microstructure, and strain localization in porous rocks.
Introduction
An understanding of the short-and long-term evolution of reservoirs and aquifers hinges upon a fundamental understanding of inelastic compaction of porous rocks and its implications on fluid flow at various scales. In the past few decades, experimental rock mechanics studies have considerably improved our understanding of the micromechanism of inelastic compaction operative in situ in porous sedimentary formations and of the associated failure modes to be expected in various geophysical environments (see , for a review). Although inelastic compaction occurs only by grain crushing and pore collapse in porous sandstone (Zhang, Wong, & Davis, 1990) , a great variety of mechanisms such as pore collapse (Zhu, Baud, & Wong, 2010) and grain crushing (Brantut et al., 2014a) , but also crystal plasticity (Griggs, Turner, & Heard, 1960; Nicolas et al., 2016; Turner, Griggs, & Heard, 1954) and pressure-solution (Croizé, Renard, & Gratier, 2013) , can potentially play an important role in more complex porous sedimentary rocks, such as limestones. In porous rocks, three failure modes associated with inelastic compaction were observed in the laboratory: compactive shear bands (Bésuelle, 2001; Bésuelle, Baud, & Wong, 2003; Charalampidou et al., 2014; Ji et al., 2015) , compaction bands (Baud, Klein, & Wong, 2004; Baud, Meredith, & Townend, 2012; Cilona et al., 2014) , and homogeneous cataclastic flow (Menéndez, Zhu & Wong, 1996; Vajdova et al., 2012) . Several field studies on sandstone (Aydin, Borja, & Eichhubl, 2006; Eichhubl, Hooker, & Laubach, 2010; Mollema & Antonellini, 1996) and carbonate (Rath et al., 2011; Rotevatn et al., 2016; Rustichelli et al., 2012; Tondi et al., 2006) formations have characterized the geometric attributes of and the complex interplay between compactive shear bands and compaction bands. frequency elastic wave packets generated by the rapid release of strain energy such as during microcracking-have been used as a powerful diagnostic tool in laboratory deformation studies on sandstones. They have been used to monitor and record damage in real time during the approach to and formation of shear fractures (Lockner, 1993) and compaction bands Townend et al., 2008; Heap et al., 2015) . In contrast, and to our knowledge, most existing laboratory studies did not report any significant AE activity during deformation and failure of carbonates (see, e.g., Baud, Schubnel, & Wong, 2000; Vajdova, Baud, & Wong, 2004) . Schubnel et al. (2006) , for example, recorded 1.5 orders of magnitude less AE during failure of Carrara marble than for Fontainebleau sandstone. The extent to which AE can be used to monitor inelastic compaction in carbonates therefore remains unclear. To date, the analysis of complex failure modes in high-porosity carbonates has relied only on laborious microstructural analysis (Vajdova et al., 2010 and X-ray computed tomography (CT) (Ji et al., 2012 performed post mortem on deformed samples.
In this study, we investigated systematically the possibility of monitoring inelastic compaction in a high-porosity limestone using AE. We chose Saint-Maximin limestone (called SML herein) from the Paris Basin in France mainly because a previous study revealed that compaction localization occurs in this rock under a wide range of laboratory conditions (Baud et al., 2009 ). Our first objective was to therefore investigate whether AE monitoring of stress-induced damage could be performed in SML and if this would help our understanding of compaction localization in carbonates.
Carbonate rocks are widely recognized to have microstructure, and in particular pore structure, that is significantly more complex than siliciclastic rocks (Choquette & Pray, 1970; Folk, 1980; Lucia, 1995) . Hence, pilot laboratory studies mostly selected relatively pure carbonates (i.e., close to 100 wt % calcite) and focused on somehow simpler endmembers such as micritic (Nicolas et al., 2016; Vajdova et al., 2010) , allochemical (Dautriat et al., 2011; Vajdova et al., 2012) , microporous Baud et al., 2016) , or macroporous limestones . The question of the impact of the composition and in particular the presence of secondary minerals (such as quartz or dolomite) on the strength and rheology of high-porosity limestone has so far remained understudied, although high-pressure, high-temperature torsion experiments on low-porosity synthetic limestones have shown that the addition of dolomite (Delle Piane, Burlini, & Kunze, 2009; Kushnir et al., 2015) or quartz (Rybacki et al., 2003) serves to increase the strength of limestone. Another study found that the strength of an iron-rich oolitic limestone (containing oolites of concentric layers of goethite, calcite bioclasts, and a cement comprising calcite, siderite, magnesite, iron oxides, and berthierine) was reduced following the oxidation of the iron-bearing mineral constituents (Grgic, Giraud, & Auvray, 2013) . Since SML contains a significant proportion of quartz (Baud et al., 2009) , the second objective of this study was to quantify how the presence of a significant quartz phase would influence the strength of a high-porosity limestone over a wide range of pressures.
Mechanical compaction and strain localization could potentially significantly affect elastic wave velocities in a porous medium. Most experimental studies at high pressure have focused so far on sandstones (Ayling, Meredith, & Murrell, 1995; Fortin, Schubnel, & Guéguen, 2007) . Fortin et al. (2007) , for example, showed that the onset of inelastic compaction triggered a decrease in both P and S wave velocities in Bleurswiller sandstone (25% porosity). This perhaps counterintuitive result-since decreases in porosity are typically associated with increases in elastic wave velocity-was interpreted as the impact of newly formed cracks produced by grain crushing that played a dominant role on the evolution of elastic wave velocities. There Figure 1b : subrounded calcite grains (~250 μm in diameter), subrounded quartz grains (~150 μm in diameter), and calcite fossil shells containing both microporosity and macroporosity (~150 μm in diameter).
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is a paucity of data of this nature on high-porosity limestones. Our third and final objective was therefore to study the evolution of P wave velocities during the inelastic compaction of SML.
The Studied Limestone and Experimental Methods
Material Description
Saint-Maximin limestone from the Lutetian age, a major building stone from the center of the Paris Basin, was selected for this study due to its high porosity and quartz content (Fronteau et al., 2010) . Our blocks were taken from the Rocamat quarry in Saint-Maximin-sur-Oise, north of Paris, France. These blocks are considered similar to the one used in a previous study by Baud et al. (2009) . Intact SML contains three components: subrounded dense (i.e., no microporosity) calcite grains (~250 μm in diameter), subrounded quartz grains (~50-100 μm in diameter), and calcite fossil shells (~150 μm in diameter) containing both microporosity and macroporosity ( Figure 1a ). SML is a grain-supported carbonate rock devoid of a micritic or sparry cement (Figure 1 ). X-ray diffraction analysis gave a nominal composition of~80 wt % calcite and~20 wt % quartz for the block used in this study. X-ray microtomography (μCT) imaging was performed on an intact sample of SML at the High-Resolution CT Facility at the University of Texas at Austin, following the procedures detailed by Ketcham and Carlson (2001) and Louis et al. (2006) . Figure 2a presents CT data obtained on the whole sample (2 cm diameter and 4 cm length) at a voxel size resolution of 40 μm. At the sample scale, SML appears quite homogeneous with no visible heterogeneity due to bedding or laminations (Figure 2a) . At higher voxel size resolution (4 μm), μCT data revealed some complex macropore shapes in intact SML (Figure 2b ). Mercury porosimetry data presented by Baud et al. (2009) show that a large proportion of pore throat diameters in intact SML are larger than 20 μm. 
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Experimental Methodology for Deformation Experiments
The mechanical behavior of SML in nominally dry conditions (i.e., samples dried in a vacuum oven at 40°C for at least 48 h) was systematically studied by Baud et al. (2009) . In this study, we performed two series of dry and wet (i.e., sample vacuum saturated with deionized water) experiments. Eighteen new experiments were performed at Ecole et Observatoire des Sciences de la Terre (EOST) Strasbourg (France), and six new experiments were performed at ENS Paris (France) for acoustic monitoring. Two sets of cylindrical samples were therefore cored orthogonal to the macroscopic sedimentary bedding: 20 mm in diameter and 40 mm in length for the experiments performed in Strasbourg and 38.2 mm in diameter and 84 mm in length for the experiments performed at ENS Paris. In both cases, samples were dried in vacuo at 40°C for a minimum of 48 h and then saturated with deionized water. Porosity was then measured by water imbibition and the triple weight technique (Ulusay & Hudson, 2007) . We found an average connected porosity of 37%. Connected porosity was also measured on selected samples using a helium pycnometer and gave values of porosity within 1% of our triple weight porosities.
The procedure for triaxial experiments in Strasbourg was described in detail by Baud et al. (2015) and Farquharson, Baud, and Heap (2017) . Jacketed samples were deformed at a nominal strain rate of 10
À5
/s at confining pressures ranging from 3 to 120 MPa. A computer controlled stepping motor connected to a pressure transducer regulated the confining pressure with an accuracy of 0.05 MPa. The axial load was applied by a piston controlled by a second computer-controlled stepping motor. Axial displacement was measured outside the pressure vessel with a capacitive transducer with accuracy 0.2 μm mounted on the moving piston and servo-controlled at a fixed rate (corresponding to a nominal strain rate of 10 À5 /s). Wet experiments were performed under fully drained conditions, ensured by the high permeability of SML of 5.5 × 10 À13 m 2 (measured under a confining pressure of 1 MPa; Farquharson et al., 2015) , at a fixed pore fluid (deionized water) pressure of 10 MPa. The pore volume change was recorded by monitoring the displacement of the pore pressure generator with an angular encoder. The porosity change was calculated from the ratio of the pore volume change to the initial bulk volume of the sample. For dry experiments, volumetric strain was recorded by monitoring the piston displacement of the confining pressure generator with an angular encoder (Baud et al., 2009 ). The output of AE energy (the area under the received AE waveform) during deformation was recorded using a piezoelectric crystal attached to the top of the upper piston and a single-channel AE node (from physical acoustics).
Two hydrostatic (dry and wet) and four triaxial constant strain rate experiments, two dry and two wet, were performed at ENS Paris following the same procedure used by Wang et al. (2013) . The triaxial tests were performed at a constant strain rate of 4 × 10 À6 /s. Axial and radial strains were measured using four strain gauges glued on the surface of each sample. Axial strain was also measured with three external Foucault current sensors. Sixteen P wave piezoelectric ceramic transducers (PI ceramic PI255, 0.5 MHz resonance frequency) were glued directly on each sample with a specific pattern enabling longitudinal, normal, and tilted measurements (with respect to the major principal stress). The transducers were positioned with 0.5 mm accuracy and were used in both active mode and passive mode. Inside the vessel, the sample was covered with a neoprene jacket, which insulated it from the confining oil. Acoustic waveforms were amplified at 40 dB and recorded at 10 MHz sampling rate using a Richter system (Itasca Ltd.). A complete description of the acoustic system is given in Ougier-Simonin et al. (2011) and Wang et al. (2013) . A classical ultrasonic pulse transmission technique was used for P wave velocity measurements. Independent velocity measurements were measured along three different angles with respect to the vertical: Vp0 along the horizontal path, perpendicular to the compression axis; Vp34; and Vp54 along two diagonal paths, respectively, inclined at 34 and 54°from the horizontal plane. For each measurement, 10 waveforms were stacked in order to increase the signal/noise ratio. Note that only raypaths going through the center of the specimen were used except when explicitly stated; otherwise, velocity measurements presented in the following are sample average along those paths. Arrival times were determined using cross correlations, and relative error on velocity measurements is about 1%. In passive mode, transducers were used to record the output of AE. A trigger logic was applied, generally set at 150 mV on three channels within a 10 μs window. AE time arrivals were autopicked. Hypocenter locations were determined using a collapsing grid search algorithm, assuming an evolving either isotropic (hydrostatic experiments) or transversely isotropic (triaxial experiments) homogeneous P wave velocity profile within the sample. accurately located by seven stations at least, with average time residuals between the picked and calculated of 0.5 μs or less. For these, using a P wave velocity of 3,500 m/s, we consider that AE hypocenter location errors were, on average, on the order of ±2 mm.
In wet experiments, pore fluid was introduced into the sample through hardened steel end pieces placed on the top and bottom of the rock sample.
Mechanical Data
In this paper we used the convention that the compressive stresses and compactive strains (i.e., shortening and porosity decrease) are considered to be positive. The maximum and minimum (compressive) principal stresses were denoted by σ 1 and σ 3 , respectively. The pore pressure was denoted by P p , and the difference P c À P p between the confining pressure (P c = σ 2 = σ 3 ) and pore pressure was referred to as the "effective 
Journal of Geophysical Research: Solid Earth
10.1002/2017JB014627 pressure" P eff (i.e., we assume a simple effective pressure law). The effective mean stress (σ 1 + 2σ 3 )/3 À P p was denoted by P and the differential stress σ 1 À σ 3 by Q. Figure 3a presents representative new triaxial data on water-saturated SML. These data are qualitatively similar to the published dry data presented on the same rock by Baud et al. (2009) and essentially show two different mechanical behaviors. At 3 and 6 MPa of effective pressure, a plateau in the mechanical data was visible beyond the yield point. This behavior is usually associated with a transitional regime between brittle and ductile behavior (Baud, Vajdova, & Wong, 2006) and was shown to involve compactive shear bands (Bésuelle et al., 2003) . At 9 MPa of effective pressure and above, significant strain hardening was observed in the mechanical data. At all tested pressures, the mechanical data were punctuated by episodic stress drops that reached an amplitude of 1 MPa at the highest tested pressure. These stress drops are usually an indicator of compaction localization (see, e.g., Baud et al., 2004) . However, visual inspection of the samples did not reveal any clear failure mode on the surface of the deformed samples of SML. Figure 3b shows that all samples failed by shear-enhanced compaction starting from a critical state of stress usually denoted as C* (Wong, David, & Zhu, 1997) , the point whereat the deviatoric part of the loading resulted in an acceleration of compaction. The reference hydrostat taken from the earlier study of Baud et al. (2009) showed that the onset of inelastic compaction under hydrostatic compaction (denoted P*) occurred at . Data on sample SML4 deformed hydrostatiscally in dry conditions. (a) Confining pressure (black), AE rate (gray), and P wave velocity as a function of volumetric strain. P wave velocity was measured on horizontal paths (0°, red) and on two other paths oriented at 34°(green) and 54°(blue) with respect to the horizontal. The confining pressure was increased by small steps in this experiment. The end of each step corresponded to the open circles in the mechanical data. (b) AE hypocenter distribution for different intervals of volumetric strain.
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13 MPa of effective pressure. At the highest tested pressures, we noted that the porosity change versus axial strain curves had almost a slope of unity beyond C*, showing that inelastic compaction occurred with almost no radial strain.
Five additional triaxial experiments were performed in dry conditions at the same confining pressure of 9 MPa for microstructural analysis to complete previous observations presented on SML by Baud et al. (2009) . The data compiled in Figure 4 reveal two important aspects of inelastic compaction in SML. First, we observed significant variability in the strength of SML in samples deformed in the same conditions ( Figure 4a ). Second, the inelastic compaction of SML was associated with significant AE activity (Figure 4b ). The cumulative AE energy (area of the negative part of the received waveforms) presented in Figure 4b corresponds to more than 14,000 AE hits recorded in a sample deformed to 19% axial strain. The AE activity started around C* and increased exponentially up to about 13% of axial strain; beyond this point the AE energy rate decreased (Figure 4b ).
Figure 5 compiles our new data and published data on dry and wet SML in a plot of differential stress (Q) as a function of the effective mean stress (P). The critical pressures P* and C* are presented in P-Q stress space. These data are also summarized in Table S1 in the supporting information. Figure 5 shows that the presence of water induced significant weakening in SML (i.e., the onset of C* at a given effective pressure was reduced when the samples were wet). A weakening effect of water on limestone was also reported by Lisabeth and Zhu (2015) and Nicolas et al. (2016) . Baud et al. (2009) interpreted the measured weakening on SML using the micromechanical model previously used to model stress-induced grain crushing (Zhang et al., 1990) . . Data on sample SML8 deformed hydrostatiscally in wet conditions. (a) Effective pressure (black), AE rate (gray) and P wave velocity measured as a function of volumetric strain. P wave velocity was measured on horizontal paths (0°, red) and on another path oriented at 34°(green) with respect to the horizontal. (b) AE hypocenter distribution for different intervals of volumetric strain. (c) Cumulative AE hits as a function of volumetric for samples SML4 and SML8 deformed hydrostatically under dry and wet conditions, respectively.
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Based on these results, six experiments dedicated to the study of AE activity in SML were performed on large samples (38.2 mm in diameter and 84 mm in length) at ENS Paris, two hydrostatic tests (dry and wet) and 4 triaxial constant strain rate experiments (two dry and two wet). These new data are compiled in Figures 6-11. Consistent with the results presented in Figure 4b , hydrostatic compaction in dry SML is accompanied by significant AE activity starting at P* ( Figure 6 ). More than 30,000 events were recorded in about 8 h while the sample was deformed up to 10.5% of volumetric strain (Figure 6a ). In this hydrostatic experiment, the confining pressure was increased in a stepwise fashion and this is why the AE rate increased and then decreased during each step (Figure 6a ). The AE locations show that damage started from the top end of the sample ( Figure 6b ). As confining pressure was increased, AE events appeared homogeneously distributed in all the sample volume. This scenario is typical of cataclastic flow, as observed in similar studies on sandstone (see, e.g., Fortin et al., 2009a) . The fact that localization did not occur in this sample was confirmed by the P wave velocity data. Figure 6a shows that the evolution of V p (P wave velocity) in the three different orientations was essentially identical. No significant preexisting microcracking was reported in intact SML by the previous study of Baud et al. (2009) based on hydrostatic data. Indeed, during the first poroelastic part of this dry hydrostatic experiment, V p did not vary much at all. A significant decrease of V p started at the pressure corresponding to P* and reached a minimum (corresponding to a decrease of about 6%) after 4% of volumetric strain. Beyond this level of strain, V p increased to approximately return to its initial value after 10.5% of (Figure 6a ). The results of the hydrostatic test in wet conditions were qualitatively similar to the dry data (Figure 7) , although the V p at the end of the experiment had increased to above its initial value at the start of the experiment (Figure 7a) . The AE location data show that this wet sample also failed by cataclastic flow (Figure 7b ). As shown in Figure 7c , we recorded about 7 times less AE during the hydrostatic experiment performed in wet conditions than in dry conditions. Similar observations were made in low-porosity crystalline rock (see, e.g., Wang et al., 2013) . Two mechanisms at least could explain such differences: the increased attenuation in the presence of fluids (since the triggering threshold remained the same in all our experiments) and subcritical crack growth that would radiate less acoustic waves (triaxial creep experiments on sandstone have shown that an increased efficiency of stress corrosion cracking reduces the mechanical work required; i.e., there is an "energy deficit," to bring a sample to failure; Brantut et al., 2014b) . Figure 8 shows the results of a triaxial test performed in dry conditions at 3 MPa of confining pressure. As in the previous tests (Figures 6 and 7) , a significant number of AE events were located during this experiment (Figure 8b ). The spatial distribution of AE revealed that compaction localization developed in this sample: most of the events occurred in the top half of the sample (Figure 8b ). The P wave velocity data are in perfect agreement with the AE locations. V p decreased slightly with increasing strain when measured in a direction inclined with respect to the major principal stress and a more significant decrease was observed for the horizontal path at the level of the cloud of AE events. Together with the mechanical data (Figure 8a (Figure 9 ). Compaction localization also occurred in this sample. In this experiment, most of the AE events occurred in the bottom third of the sample (Figure 9b ). Figure 10 presents the result of a triaxial test performed in dry conditions at a confining pressure of 9 MPa. Five thousand AE events were recorded during this test that lasted 3 h. AE activity was continuous beyond the yield point (Figure 10c) . Of all the V p orientations, the horizontal V p (0°mid) was affected by stressinduced damage at the lowest axial strain (about 1%) (Figure 10a ). Several subhorizontal AE clusters developed successively from the ends to the central part of the sample (Figure 10b ).
In wet conditions, the experiment performed at P eff = 9 MPa confirmed the significant weakening effect induced by water (Figure 11a ). C* occurred at a differential stress 30% lower than in the dry test shown in Figure 10a . We recorded 2,250 AE events in 3 h (4% axial strain) in this experiment. We observed numerous peaks in AE activity (Figure 11a ). Damage started near the top of the sample and moved toward the center as strain increased (Figure 11b) . A significant decrease in V p was observed when the stress-induced damage reached the central part of the sample at about 2.5% strain (Figure 11a ).
Failure Mode and Microstructural Analysis of Inelastic Compaction
As mentioned above, visual inspection did not reveal any clear failure mode in the deformed samples of SML. Compaction localization was, however, obvious on petrophysical thin sections prepared from a selection of Figure 10 . Data on sample SML2 deformed triaxially in dry conditions at a confining pressure of 9 MPa. (a) Confining pressure (black), AE rate (gray), and P wave velocity as a function of volumetric strain. P wave velocity was measured on three horizontal paths (0°) in the top (red circles), middle (red squares), and bottom (red diamonds) of the sample, and on two other paths oriented at 34°(green) and 54°(blue) with respect to the horizontal. (b) AE hypocenter distribution for different intervals of volumetric strain. (c) Volumetric strain (black) and cumulative AE (gray) as a function of axial strain. Major principal stress was vertical. 
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samples deformed in Strasbourg in dry and wet conditions. In dry conditions, Baud et al. (2009) showed some complex failure modes involving compactive shear bands and compaction bands. Figure 12a presents one of their samples deformed at a confining pressure of 9 MPa. In an attempt to better map out the localized deformation, we deformed another sample under the same conditions (dry and P c = 9 MPa) and CT imaging was performed using the same resolution as the data shown in Figure 2a . Figure 12b shows a slice of CT data. As it was previously shown in sandstone by Louis et al. (2006) , localized compaction did not result in a high enough density contrast to be revealed by CT imaging. However, based on the idea that localized compaction should locally produce a more homogeneous structure, Louis et al. (2006) revealed discrete compaction bands in Dielmelstadt sandstone by calculating the local coefficient of variation (COV), the ratio of gray level standard deviation on the mean, determined locally on a small cube with sides of three voxels. Performing this analysis on an SML sample deformed under dry conditions revealed some complex damage patterns at both ends of the samples (Figure 12c ). We also found evidence for compaction localization in samples deformed under wet conditions. Figures 12d and 12e show that several compactive shear bands and compaction bands developed in samples deformed at 6 and 9 MPa of effective pressure, respectively.
To provide more insight on the evolution of damage with axial strain, we studied the microstructure of five samples deformed under dry conditions at P c = 9 MPa to 3, 7, 14, and 27% axial strain (Figure 4a ). Our microstructural observations show that the sample deformed to 3% strain (Figure 13b) is not dissimilar to the intact sample (Figure 13a ). Microcracks can be seen in some calcite grains (see inset in Figure 13b ), but the fossil shells and quartz grains appear largely unaffected (Figure 13b ). Many more microcracks are present in the calcite grains following deformation to 7% strain (Figures 13c and 13d) . We further notice that many of the fossil shells are now broken, or even pulverized (Figures 13c and 13d) . However, the quartz grains are Figure 13 . Backscattered SEM images of (a) intact Saint-Maximin limestone and Saint-Maximin limestone deformed to an axial strain of (b) 3% and (c and d) 7%. Inset in Figure 13b shows the Hertzian-type fractures in some of the calcite grains following 3% axial strain. Figure 13d shows the salient deformation microstructures following 7% axial strain: quartz grains remain largely intact, calcite grains are fractured, and fossil shells are either broken or pulverized. Major principal stress was vertical.
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largely intact (Figures 13c and 13d) . The quartz grains are also largely intact when strain was increased to 14% (Figures 14a and 14b ), although we note that rare quartz grains are now intensely fractured (Figure 15a ). There are many more microcracks in the calcite grains at 14% strain (some grains are even broken into two or more angular fragments; Figures 14a and 14b ) and the majority of the fossil shells are completely pulverized into~1 μm fragments (Figures 14a and 14b) . The crushing of the calcite grains and fossil shells has resulted in a decrease in sample porosity, as fragmented material occupies space within the voids between the original grains. Following 27% strain, nearly all of the fossil shells have been pulverized Figure 14 . Backscattered SEM images of Saint-Maximin limestone deformed to an axial strain of (a and b) 14% and (c and d) 27%. Figure 14b shows that after 14% axial strain, most calcite grains are broken into two or more angular fragments, the quartz grains remain largely intact, and the fossil shells are nearly all pulverized. Figures 14c and 14d show that the strain appears localized at 27% strain, manifest as discrete bands or lenses of pulverized/crushed material. Major principal stress was vertical. 
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( Figures 14c and 14d ) and majority of calcite grains have been broken into several, if not more, angular fragments, resulting in a grain size reduction that substantially reduced sample porosity (Figures 14c and  14d) . A large proportion of quartz grains remained intact, although instances of intensely fractured quartz grains increased from 14% to 27% strain (see example in Figure 15b ). We further highlight that there is evidence of compaction localization in the sample deformed to 27% strain. Bands or lenses of broken and pulverized calcite and fossil grains are clearly identifiable; the calcite grains in between these compaction 2017JB014627 bands are noticeably more intact (i.e., they are not pulverized but rather broken into two or more angular fragments) (Figures 14c and 14d ).
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Discussion
Brittle Strength and Inelastic Compaction in SML
One objective of this study was to examine how a large proportion of a secondary mineral, such as quartz, could affect the mechanical strength of a porous carbonate. A previous study has shown, through highpressure, high-temperature torsion experiments, that an increase in quartz content in low-porosity limestone can increase strength by a factor of 2-5, depending on the temperature and finite strain (Rybacki et al., 2003) .
Chemical analysis revealed~20 wt % of quartz in SML (see section 2.1). Our microstructural analysis suggests that the proportion of quartz varied by up to~5 wt % from sample to sample. Since no triaxially deformed samples of SML, even at very low confinement, failed by dilatant brittle failure, we performed five additional uniaxial tests to estimate the uniaxial compressive strength (UCS) of dry SML. Figure 16a presents a representative example of the stress-strain data from one of these uniaxial experiments. As expected, the UCS is very low, in the range of 12-13.9 MPa, and brittle failure was accompanied by significant AE activity starting at the onset of dilatancy C 0 (Figure 16a ). In Figure 16b we compare the UCS of SML with the published data on porous carbonates compiled by Zhu et al. (2010) . We note that our new data on SML follow the same global trend than the other carbonates: strength is lower when porosity is higher (Figure 16b) . A micromechanical interpretation of these results could be obtained by applying the analytical expression derived by Zhu et al. (2010) from Sammis and Ashby's (1986) well-known pore-emanated crack model:
where K IC is the fracture toughness and r is the radius of the pores. If we ignore the presence of quartz (justified since we find that the majority of quartz grains remain uncracked following deformation; see Figures 13 and 14) and assume for K IC the value of 0.2 MPa m 1/2 determined experimentally for calcite by Atkinson and Meredith (1987) , we infer a pore radius of 300 μm (Figure 16b) , consistent with the larger pores observed in intact SML (Figures 1 and 2 ). This analysis, coupled with our microstructural observations, suggests that quartz had very little impact on brittle strength of SML. The same conclusion could be reached in the ductile regime. We compared P* data for SML with published data on porous carbonates and chalk (Figure 16c ), and again, SML falls well within the trend defined by the existing data. Our new velocity data suggest that microcracking was significant near the yield point (Figures 6 and 7) . Taken together, the microstructural analysis of Baud et al. (2009) and our new microstructural observations (Figures 13-15) show that grain crushing was the main micromechanism of inelastic compaction at the yield point in SML. A recent study made comparable observations in Leitha limestone of porosity between 21 and 31% and also identified grain crushing as the dominant micromechanism of inelastic compaction in the less cemented and macroporous samples . Their results were consistent with the Hertzian fracture model of Zhang et al. (1990) . SML is also dominantly macroporous and weakly cemented (Figures 1 and 2 ). It was, however, shown by Baud et al. (2009) in their earlier study that the onset of grain crushing P* of this rock was much lower than the model predictions (see their Figure 15a ). Figure 16c suggests that this discrepancy has little to do with the proportion of quartz in SML but is more related to the complex structure of this rock, which contains porous calcite shells and nonporous calcite grains of different shapes and sizes. We conclude therefore that our new data show that the presence of a significant proportion of secondary mineral (i.e., quartz) did not impact the mechanical strength of this porous limestone in both the brittle faulting and cataclastic flow regimes.
The difference between the conclusion drawn here and the results of the study of Rybacki et al. (2003) is likely due to two principal reasons. First, the high porosity of the SML means that that quartz grains play a relatively passive role in the deformation (deformation is simply accommodated by grain crushing in the weaker calcite grains/shells). Second, our experiments were performed at room temperature; high temperatures likely exasperate the differences between calcite and quartz due to the temperature-dependence of deformation processes such as pressure solution.
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AE Monitoring of Damage and Compaction Localization in Porous Carbonates
Our results show that in both the brittle (Figure 16a ) and ductile regimes (Figures 6-11) , stress-induced damage in SML was accompanied by significant AE activity and that both the onset of dilatancy (C 0 ) and the yield point (C*) could be identified from the AE statistics. While these results are similar to those often reported on porous sandstone (Lockner, 1993; Fortin et al., 2006 Fortin et al., , 2009a Heap et al., 2015) , previous studies on carbonates did not, to our knowledge, report consistent AE activity associated with inelastic compaction (Cilona et al., 2014; Fortin et al., 2009b; Vajdova et al., 2004) . Of course, this paucity of AE data on carbonate rocks does not necessarily mean that no AE activity was recorded by previous studies but a minima that any AE activity, if it existed, was not significant enough to be used to monitor stress-induced damage in these rocks. In this sense, our new results on SML clearly stand out. It should, however, be noted that the number of recorded AE on SML remained relatively small with respect to what could be expected in a sandstone. To illustrate this, we deformed at EOST Strasbourg a sample of Bleurswiller sandstone of 23% porosity at an effective pressure of 80 MPa, conditions typical of the shear-enhanced compaction regime . All AE settings being equal to those used for sample SML64 (Figure 4b ), Figure S1 in the supporting information shows that more 18 times AE energy (16 times more hits) was recorded on the sandstone when both rocks were deformed to 13% of inelastic strain. As a pilot study, we also deformed hydrostatically using the ENS setup, samples of Estaillades (Dautriat et al., 2011) , Fontvieille (Piementa, Fortin, & Guéguen, 2014) , and Indiana limestones of porosity and 28, 24, and 16%, respectively. In contrast to the data on SML presented in this study (Figures 6 and 7) , few AE events were recorded during these experiments.
These results suggest that the unusual behavior of SML could be associated to one of the particularities of this rock: the fact that it contains a significant proportion of quartz (~20 wt %). To test this hypothesis, we quantified the possible quartz grain size reduction associated with microcrack formation in sample deformed at P c = 9 MPa to different levels of axial strain (Figure 4a) . To do so, we manually traced around all of the quartz grains in an~20 mm 2 area on an scanning electron microscopy (SEM) image of each sample and created a binary image that only showed the quartz grains. The minimum and maximum Feret diameter of each grain was determined using open source software ImageJ (the total number of grains analyzed in each image was 200) and the equivalent grain diameter, d, was calculated using
diameter. These data are plotted as a function of axial strain in Figure 17 . The average grain diameter of a quartz grain in the intact SML is 156 μm (Figure 17 ). Reductions in grain diameter were modest up to an axial strain of 7% (average grain size at 7% = 146 μm), after which grain diameter was reduced more substantially: to 127 and 110 μm at axial strains of 14% and 27%, respectively (Figure 17 ). These data are in line with our qualitative microstructural observations, which show that intense fracturing and grain size reduction in quartz were only observed in the samples taken to axial strains above 14% (Figures 13 and 14) . However, such grain size reductions are comparatively small to those experienced by the calcite grains and fossil shells, some of which are reduced to fragments~1 μm in diameter (Figures 13-15 ). Taken together, these results, coupled with the absence of any significant AE activity reported in previous studies on compaction of limestone, suggest that the origin of the intense AE activity in SML could be microcracking at the quartz grain interfaces. Future work involving experiments on synthetic quartz-calcite aggregates should be performed to confirm this conclusion.
An increasing number of experimental studies have reported compaction localization in carbonates (Arroyo, Castellanza, & Nova, 2005; Baxevanis et al., 2006; Cilona et al., 2012 Cilona et al., , 2014 but to date, the link between these results and the field examples (Tondi et al., 2006; Rustichelli et al., 2012; Rotevatn et al., 2016) remains unclear.
Our new AE location data on SML show without ambiguity that compaction localization occurred in this rock. At very low effective pressure (3 MPa), the data in dry and wet conditions suggest the formation of compactive shear bands (Bésuelle, 2001 ) that developed at high angle to the major principal stress (Figures 8  and 9 ), in agreement with our microstructural observations (Figure 14d) . A similar failure mode was studied in detail on Majella limestone of 31% porosity using CT and digital image correlation by Ji et al. (2015) . Due to the resolution on the location of AE hypocenters, it is not possible to compare the geometric attributes of the bands in SML with this earlier study. The AE statistics on samples SML1 and SML2 are more complex (Figures 10 and 11) . The subhorizontal clusters of AE visible in Figure 10b in the sample deformed at P c = 9 MPa are comparable to the compaction bands revealed using AE statistics in Bleurswiller and Diemelstadt sandstones by Fortin et al. (2006) and Townend et al. (2008) , respectively. The damage pattern observed in samples SML1 deformed at P eff = 9 MPa is, however, more similar to the results presented by Olsson and Holcomb (2000) on Castlegate sandstone of 28% porosity. The AE location data (Figure 11b) show larger clusters that move from one or both ends of the sample toward the central part. This failure mode also identified by Baud et al. (2004) in Berea and Rothbach sandstones (of 21 and 20% porosity) using quantitative microstructural analysis was named "diffuse compaction bands." These "diffuse" bands differ from the thin discrete compaction bands observed in well-sorted sandstone (Cheung, Baud, & Wong, 2012) . Our microstructural observations (Figure 12 ) suggest that the diffuse bands could be made of several compaction band segments. SML is a weak, poorly cemented limestone and in this sense similar to the Leitha limestone in which a recent study observed compaction bands . Studying samples with different cement content, they observed that increasing cementation inhibited the development of compaction localization. Since SML is more porous than their high-porosity end-member (31%), it is therefore, based on these data, quite logical to observe compaction bands in this rock. However, SML is a complex assembly of grains of different strengths: macroporous and microporous calcite shells, nonporous calcite grains, and quartz. Discrete element model simulations of Wang, Chen, and Wong (2008) showed that discrete tabular bands developed when the strength of the elements was distributed in a narrow range. We can speculate that the difference in strength of the grains composing SML could be the reason why compaction showed a more complex localized pattern in this rock.
Impact of Inelastic Compaction on Elastic Wave Velocities of Porous Carbonates
With the development of 4-D seismic monitoring in carbonate reservoirs (Grochau et al., 2014; Raef et al., 2005) , a better understanding of the in situ evolution of elastic wave velocities of porous carbonates during production or CO 2 injection is clearly needed. If a significant number of laboratory studies were dedicated to the elastic wave velocities of carbonates, a large majority were performed at ambient or low pressures and focused on the effect of depositional environments and diagenesis processes (Brigaud et al., 2010) , porosity (Anselmetti & Eberli, 1999; Assefa, McCann, & Sothcott, 2003) , microporosity (Baechle et al., 2008; , or pore shape (Verwer, Braaksma, & Kenter, 2008) . There is in fact a paucity of elastic wave velocity data on limestone in relation to inelastic compaction. Fortin et al. (2009b) observed a continuous decrease of the P wave velocity during hydrostatic compaction of Chauvigny limestone (17% porosity) without any significant change at the hydrostatic yielding point P*. More recently, also reported a decrease of V P during compaction of an oolithic carbonate rock (16% porosity), but significant variations only occurred beyond the onset of cataclastic pore collapse C*. Our new triaxial data showed a similar behavior (Figures 8-11 ). Since microcracking (grain crushing) was the main micromechanism of inelastic compaction at the yield point, a decrease of V p was expected and indeed observed. The same behavior would also be expected in less porous limestones where cataclastic pore collapse (also involving microcracking) is the dominant mechanism of inelastic compaction (Vajdova et al., 2010 but, to our knowledge, no data of this nature have been published yet. Fortin et al. (2009b) argued that the different evolution observed in Chauvigny limestone as the signature of plastic pore collapse (Baud et al., 2000; Curran & Carroll, 1979) , but no microstructural analysis was performed to confirm this interpretation. Our data obtained during hydrostatic compression experiments on SML (Figures 6 and 7 ) also showed that V p decreased from P* to about 3% of plastic volumetric strain, after which it increased quite rapidly. This behavior is very similar to what Fortin et al. (2007) observed in Bleurswiller sandstone: the effect of microcracking first dominated and V p decreased near the yield point, and then the effect of porosity reduction became gradually important and started to be dominant after 3-4% of plastic volumetric strain resulting in an increase in V p . Taken together, the published data and our new results on SML show that the variations of elastic wave velocities during inelastic compaction of limestone are to the first order dependent of the initial porosity of the rock that controls both the maximum compaction that the rock can experience and the dominant micromechanism of Journal of Geophysical Research: Solid Earth 10.1002/2017JB014627 inelastic compaction. An outstanding question for future studies will be to quantify in which porosity interval porous carbonates experience enough inelastic compaction to observe a significant increase in elastic wave velocities.
Conclusions
On the basis of our systematic investigation of the deformation and failure of SML, using rock mechanics testing, AE statistics, P wave velocity changes, and microstructural observations, we have arrived at a number of conclusions.
1. The mechanical strength of a quartz-rich limestone such as SML was not influenced by the quartz content.
As in other limestones studied by previous authors Baud, Wong, & Zhu, 2014; Zhu et al., 2010) , microstructural attributes such as initial porosity, grain size, and pore size exert a first-order control on strength. 2. We monitored the development of stress-induced damage and strain localization using AE in SML when previous studies suggested that it was not possible in a porous limestone. Since SML stands out as an exception in this aspect, and because our quantitative microstructural analysis did not reveal extensive microcraking in quartz grains in this rock, we speculate that the recorded AE activity is likely to be due to microcraking at the interface of the quartz grains. More AE monitoring of inelastic compaction of high-porosity limestone should be performed to confirm this conclusion. 3. AE statistics and P wave velocity data revealed that compaction localization occurred in SML.
However, the link between these observations and compaction bands observed in carbonate formations remains unclear. 4. Finally, our new data showed that inelastic compaction in a very porous limestone resulted first in a decrease of P wave velocity due to microcracking (grain crushing) but after a few percent of inelastic strain, the effect of compaction and pore collapse started to be dominant, resulting in an increase of P wave velocity. This behavior is very similar to previous observations on porous sandstone.
